Electric stimuli can prosthetically excite auditory nerve fibers to partially restore sensory function to individuals impaired by profound or severe hearing loss. While basic response properties of electrically stimulated auditory nerve fibers (ANF) are known, responses to complex, time-changing stimuli used clinically are inadequately understood. We report that forward-masker pulse trains can enhance and reduce ANF responsiveness to subsequent stimuli and the novel observation that sub-threshold (nonspike-evoking) electric trains can reduce responsiveness to subsequent pulse-train stimuli. The effect is observed in the responses of cat ANFs and shown by a computational biophysical ANF model that simulates rate adaptation through integration of external potassium cation (K) channels. Both low-threshold (i.e., Klt) and high-threshold (Kht) channels were simulated at each node of Ranvier. Model versions without Klt channels did not produce the sub-threshold effect. These results suggest that some such accumulation mechanism, along with Klt channels, may underlie sub-threshold masking observed in cat ANF responses. As multichannel auditory prostheses typically present sub-threshold stimuli to various ANF subsets, there is clear relevance of these findings to clinical situations.
INTRODUCTION
Auditory prostheses often use modulated pulse trains and multiple stimulus electrodes to excite sub-populations of auditory nerve fibers (ANFs) to partially restore the temporal and place coding of acoustically evoked ANF activity. Electric stimuli induce states of refractoriness and longer-term reduced excitability, typically referred to as adaptation. Sub-threshold stimuli, those that do not evoke action potentials, can lower ANF threshold through temporal integration at the membrane (Stypulkowski and van den Honert 1984; Hartmann et al. 1984; Dynes 1996; Cartee et al. 2000; Miller et al. 2001b ). These linear and nonlinear effects are relevant to the designer of prosthetic devices, as they may limit information transfer and a user's perception of sound. Cartee et al. (2000) reported that pulses presented 100-300 μs prior to a probe pulse increase ANF response probability, indicating stimulus integration. Dynes (1996) used sub-threshold multiple-pulse maskers (1, 4, or 40 pulses presented at 1,000 pulse/s) to explore their effects on subsequent probe pulses. Each reduced probe threshold, but the reductions became smaller as the number of masker pulses increased. A simple model of stimulus integration is inadequate to account for poorer integration with more masker pulses.
This report builds upon the background and studies of ANF responses to electric pulse trains (Litvak et al. 2003; Zhang et al. 2007; Miller et al. 2008) by adding a preceding masker train and determining its effect on responses to a subsequent probe train. Masker train durations were typically 300 ms, comparable to speech segment durations. Masker-evoked spike activity reduced probe responses, with a relatively slow (9200 ms) recovery period. However, we found that maskers with levels insufficient to evoke spikes could cause forward masking. We developed a new version of our biophysical model of a cat ANF to explore membrane ionic mechanisms that might underlie sub-threshold masking. Following Woo et al. (2009a, b) , it incorporated a leaky integrator based on K (cation) efflux, which provided a means of simulating spike-rate adaptation.
1 In this report, model complexity was increased to include low-and high-threshold K channels (Klt and Kht channels, respectively) at each node. Previously only Kht channels were modeled.
For several years, the differing kinetics of Klt and Kht channels have been considered as a means of coding stimulus features by auditory brainstem neurons (Brew and Forsythe 1995; Bal and Ortel 2001) . Also, a spatially organized heterogeneity of K currents and kinetics can exist across ANF populations (Mo and Davis 1997; Adamson et al. 2002; Liu and Davis 2007) . Recently, Klt channels were productively used for biophysical modeling of rate adaptation for electrically stimulated fibers (Bruce and Negm 2009) . Klt channels are also considered critical for modeling electrically evoked responses of myelinated fibers of nonauditory, neural tissue, such as mammalian motoneurons (McIntyre et al. 2002) . This report includes cat data and results from a biophysical model with Kht and Klt channels, as well as a model variant without the Klt channels to assess the degree to which Klt channels may influence sub-threshold effects.
METHODS

Animal model and preparation
Adult cats free of visible middle-ear infection were used in acute recording sessions during which subjects were maintained at surgical levels of anesthesia, as assessed by respiration pattern and pinch reflex. Other signs (heart rate, core temperature, pulse oximetry, and expired CO 2 ) were monitored using a vital signs monitor (Model 400B, Pace Tech, Clearwater, FL, USA) and a capnometer (BCI Industries, Smiths Medical, St. Paul, MN, USA). Details of sedation, surgical anesthesia, and auditory nerve exposure are described elsewhere (Zhang et al. 2007 ). Other procedures were limited to tracheotomy for ventilation controlled by a Harvard Apparatus (Holliston, MA, USA) Model 665 ventilator, removal of the left pinna prior to obtaining click-evoked auditory brainstem responses (ABRs), and insertion of an intracochlear electrode array. Prior to insertion, the cochlea was deafened as described below. The left auditory nerve was accessed to record action potentials from the nerve trunk. The animal's core temperature was maintained by a circulating warm-water jacket and insulating pads. Procedures were approved by the University of Iowa Animal Care and Use Committee and adhered to US NIH regulations.
Click-evoked ABRs were obtained from each subject before and after intracochlear administration of Neomycin sulfate (50-60 μl) to assure that ABR threshold increased by at least 80 dB. After opening the round window, the aminoglycoside was introduced as several (eight to ten) small boli, each followed by aspiration to cause a net increase in Neomycin concentration. This was done to eliminate or greatly reduce electrophonic responses (mediated by viable hair cells) that could confound analysis of spike activity caused by direct membrane depolarization.
Electric stimuli
After Neomycin infusion, an eight-electrode "banded electrode" array (P/N Z60274, Cochlear Ltd, Australia) was inserted into the scala tympani through the round window to a 5-5.5-mm depth. Only the most apical electrode of the array was used for the monopolar electrical stimulation employed for all experiments. The return current path was provided by a needle electrode inserted into neck muscle. Three techniques were used to prevent passage of direct current to the nerve tissue: (1) the use of symmetric biphasic current pulses, (2) the use of an optically isolated battery-powered current source, and (3) capacitive coupling of the current source output. All electric stimuli were composed of 40 μs/phase symmetric biphasic rectangular pulses, with a leading cathodic phase. Search stimuli consisted of low-rate (30 pulse/s) pulse trains.
Experimental maskers and probes were pulse trains, each typically having 300 ms train durations, unless noted otherwise. A post probe-train silent Throughout this paper, potassium and other cations are indicated by their elemental abbreviation without the use of a superscript indicating positive charge. This was done for consistency with previous papers that discuss Klt and Kht channels and also for the sake of simplicity.
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MILLER ET AL.: Sub-threshold Masking 1 interval of 1,200 ms was used to facilitate neural recovery. Two masker pulse rates (250 and 5,000 pulse/s) were systematically varied, and masker current levels were varied so that probe responses were obtained for sub-threshold maskers (i.e., too low to elicit any spikes) and rates approaching maximal (saturation) rates. Probe pulses were presented at 100 pulse/s, a compromise between high rates for good temporal resolution and low rates that avoid cumulative stimulus-evoked effects. Once a fiber was encountered, probe level was fixed to achieve a midrange firing efficiency (FE), typically between 30% and 70%. Probe-alone FEs at or near 100% FE were avoided so that FE and probe-level changes would be correlated. Masker level was then varied to obtain a range of masking effects. Finally, when fiber contact time permitted, a series of post-stimulus-time histograms (PSTHs) were collected for multiple probe levels, so as to explore the effect of the magnitude of the probe response. Probe-train onset followed the masker offset by a delay equal to one masker interpulse interval. Thus, for 5,000 pulse/s maskers, a 0.12-ms delay separated last-masker-pulse offset and first-probe-pulse onset. For 250 pulse/s maskers, a 3.92-ms delay separated masker offset and probe onset. These different masker-off/probe-on delays require consideration when short-lived phenomena, which could be missed by the existence of this 3.92-ms gap, occur. Specifically, with the use of single-pulse maskers and probes, integration of masker and probe energy is observed for short (0.1-0.4 ms) MPIs (Stypulkowski and van den Honert 1984; Dynes 1996; Cartee et al. 2000) . Our paradigm would not capture this effect for relatively slow, 250 pulse/s, masker trains.
A probe train with no preceding masker was interleaved between each masker/probe/silentperiod combination to provide baseline "probe alone" response data. Interleaving reduced the impact of possible cumulative effects across repeated presentations (typically 30 or more repetitions, or "sweeps"). The probe-alone stimulus was identical to the masker/probe/silent-period stimulus, but with zero masker current, providing more than 1,200 ms for recovery from each masker/probe combination. The collection of one data set (yielding one masked and unmasked PSTH) required about 2 min.
Recording and analysis of feline data ANF spikes were recorded using a glass micropipette formed from borosilicate glass (0.58 mm I.D., 1.0 mm O.D.) and filled with 0.15 M KCl in 0.05 M Tris buffer. Potentials were amplified (10×) and low-pass filtered (first-order, 10-kHz half-power frequency) by an Axon Instruments Axoprobe amplifier. Additional filtering was provided by a Butterworth high-pass filter (second order, 100-Hz cutoff) and a Butterworth low-pass filter (sixth order, 30-kHz cutoff). Electrical artifacts associated with the a.c. power line were reduced by a HumBug noise template subtraction circuit (Quest Scientific Instruments, North Vancouver, BC, Canada). The filtered potentials were digitally sampled at 100,000 samples/s using an Instrutech ITC-18 data acquisition board (HEKA Instruments, Bellmore, NY, USA) and stored for detailed off-line analysis using Matlab (The MathWorks, Natick, MA, USA) routines written in house. Spikes were extracted from stimulus artifacts using either "template subtraction" or boxcar filtering techniques, as described in Miller et al. (2008) .
Responses to the masker and the probe trains were characterized by computing the overall spike rate or count occurring during the presentation of each train. Rates were computed as the average measured over repeated presentations. The spike analysis windows were approximately equal to the duration of the respective masker or probe train. For the maskeralone and probe train conditions, the analysis window included a 2-ms epoch after offset of the last masker pulse to capture any late spikes. The effect of a masker train on a subsequent probe train is reported as the "probe response recovery ratio", i.e., the ratio of probe spikes with preceding masking and probe spikes without a preceding masker. As a masked probe response recovers from adaptation, this ratio will typically increase from 0 (in cases with complete adaptation) and approach 1, indicating a response equal to the unmasked probe response.
Computational model: general description
The ANF model is a compartmental type that includes a cell body and peripheral and central axons, using known anatomical features of a cat ANFs (Arnesen and Osen 1978; Liberman and Oliver 1984; Woo et al. 2009a) . Specifically, the bipolar neuron has four nodes on the peripheral axon and 23 nodes on the central axon. Internodal distances vary from 150 to 350 μm according to reported anatomy. The cell body has a 300-μm 2 cross-sectional area and an elliptical shape of a rotationally symmetric solid with a 0.6 axis ratio. Peripheral fiber diameter, central fiber diameter, and nodal gap width were set at 1.2, 2.3, and 1 μm, respectively. The ratio of myelin thickness of the cell body to that of the central axon was measured by examining photomicrographs of fibers and cell bodies available from our histological sections. The length of the unmyelinated peripheral terminal was set at 10 μm to produce experimentally realistic strengthduration curves (Colombo and Parkins 1987) . Part of the development of the model was reported in Woo et al. (2009a) . Parameters describing the kinetics of the Na, Kht, and Klt channels are provided in Table 1 .
Membrane properties and nodal currents
Each myelinated section is modeled by nine consecutive passive internodal compartments followed by an active node, which exclusively includes voltagedependent Na and K channels. The on-off states of these channels were approximated by a Markov jumping process, and their stochastic properties were simulated by a channel number tracking algorithm (Chow and White 1996; Mino et al. 2002) . The transmembrane potential V m resulting from the applied electric stimulus V e in each axon compartment [k] is described by Mino et al. (2004) and shown in Eq. 1 using discrete time steps:
The transmembrane potential in each axon compartment was determined by solving a partial differential equation using the Crank-Nicholson method (Mino et al. 2004) . The values of the voltage-independent nodal resistance, R m , and nodal capacitance, C m , are the same as those reported in Woo et al. (2009b) . Axoplasmic resistance, R a , internodal resistance, r m , internodal capacitance, c m , and ionic electrophysiological properties (channel density, ρ, and conductance, γ) were based on Mino et al. (2004) and Woo et al. (2009a) .
Ion current (I ion ) in each k-th active node at time t was calculated by summing Na current (I Na ), Kht current (I Kht ), and Klt current (I Klt ; Krylov and Makovsky 1978; Schwarz et al. 1995; Imennov and Rubinstein 2009 ). Currents are described by equation set 2:
The ion channel conductances are γ Na =22.65 pS, γ Kht =20 pS, and γ Klt =20 pS. The terms N m3h1 , N Kht , and N Klt represent the number of activated channels for each channel type. Each channel type was assigned to the following nodal densities: 112/μm 2 (Na), 10/μm 2 (Kht), and 10/μm 2 (Klt). The Klt channel Nernst potential, E Klt , was set to −88 mV, equal to that of the Kht channel. I Klt was calculated using a two-state (one open, S 1 , one closed state, S 0 ) channel model. Opening (α) and closing (β) rates were modified for mammalian temperature of 37°C, as shown in Table 1 .
Model of rate adaptation
The model incorporates a "leaky integrator" K cation storage mechanism that alters membrane voltage and simulates spike-rate adaptation (Woo et al. 2009a) . External K concentration, [K ext ], was governed by a time-changing Δ[K ext ] value that depended upon recent K current, as indicated in the discrete time Eq. 3: Each gating kinetic was calculated based on following equation:
The values were temperature adjusted to 37°C using Q 10 = 3.0.
where i is the time increment variable, N is the final (or latest) time increment, n R is n-th Ranvier node, I K is K current, and g(t) is an exponential decay function with amplitude A f and time constant τ depl . [K ext ] alteration also required updating both E K and E rest using the Nernst and the Goldman-Hodgkin-Katz equations. This mechanism was first described in Woo et al. (2009a) and refined in Woo et al. (2009b) .
Simulations, model variants, and optimization
Computations were performed on a desktop computer using Matlab 7.0 R12.1 (Mathworks, Inc., USA), with simulations using a 1-μs time step size. The simulations used a spherical (0.45 mm diameter) monopolar electrode positioned directly above the ninth active node (as counted from the peripheral process). External space was filled with an isotropic conducting medium with 0.3 kΩ/mm resistivity (McNeal 1976) . A high (5,000 pulse/s) rate pulse train (40 μs/phase biphasic, cathodic polarity first) was delivered as a forward masker, followed by a lowrate (100 pulse/s) probe train for assessment of masking recovery. The modeled stimulus electrode was set over the fifth central node of Ranvier (or the ninth node, counting from the peripheral process). This position is shown in Figure 2B of Woo et al. (2010) . Electrode-to-fiber distance was set at 1.225 mm, measured from the center of the electrode to the membrane surface. Membrane potentials were recorded at the 16th central node of Ranvier. After each presentation of masker, probe, or masker + probe combination, the model parameters were reset and random variables were reseeded to new values so that the model would not create across-presentation cumulative effects.
Two different model versions were used so as to explore the influence of the Klt channels, a relatively novel feature of ANF computational models. What is referred to as the "full model" included Kht and Klt channels, whereas the simpler model only included Kht channels (Woo et al. 2009a) . By comparing the predictions of each model, we could assess the likelihood that sub-threshold masking effects (observed in cat ANFs) involved Klt channel activity.
Our previous biophysical models (Woo et al. 2009a (Woo et al. , b, 2010 simulated Na and Kht channels (but without Klt channels) and did not reproduce the sub-threshold masking observed in the cat ANF data. This led us to the addition of Klt channels to our previous model (Woo et al. 2009b ) that simulated rate adaptation using the aforementioned external accumulation of K cations. The addition of the Klt channels required reoptimization of the model so that it would again approximate the response properties of real ANFs, such as conduction velocity, refractoriness, and rate adaptation (Miller et al. 2001b Zhang et al. 2007) . During the optimization process, we varied single channel conductivity (γ) and density (ρ) of both Klt and Kht channels from 10 to 40 pS and from 10 to 50/mm 2 , respectively (Schwarz et al. 1995; Imennov and Rubinstein 2009) . The ratio of the densities of Klt and Kht channels was set to either 1:1 or 2:1. For the full model, parameters that yielded responses similar to cat ANFs were found to be as follows: γ Kht =20 pS, γ Klt =20 pS, ρ Kht =10/mm 2 , and ρ Klt =10/mm 2 . Parameters of our K-based adaptation model (Woo et al. 2009b ) were modified to account for the aforementioned parameter changes. Specifically, we adopted a new amplitude coefficient (A f = 0.117) and depletion time constant (τ dep =160 ms).
For model simulations of forward-masking effects of cat ANFs, the same two masker rates (250, 5,000 pulse/s) were employed, as was the same probe pulse rate (100 pulse/s). Masker train and probe train duration was 200 and 250 ms, respectively. These latter two values are smaller than those used for the cat ANF studies and were chosen as an expedient to reduce the large computation times required for each simulation. Probe levels were selected so that responses were in the upper part of the modeled fiber's dynamic range (i.e., FEs between 80% and 95%).
RESULTS
Exemplar cat and model ANF data
In Figure 1 , exemplar responses from a cat ANF (left columns) and the "full model" (with Klt and Kht channels) responses (right columns) are shown for a level series of 5,000 pulse/s maskers and fixed probetrain levels. Both the cat ANF and model PSTHs demonstrate sub-threshold masking. In these cases, the maskers were 200-ms-long, 5,000-pulse/s trains, and the probes were 250-ms-long, 100-pulse/s pulses trains. The probe-train PSTHs include responses to forwardmasked (black bars) and unmasked (gray bars) probes, with probe onset occurring 0.2 ms after masker offset. The first (left-most) column shows PSTHs from a cat ANF stimulated by the masker train. The top two masker PSTHs (rows A and B) show initially large rate alternations due to refractory effects (Javel 1990 ) and a rapid overall rate decrease typically attributed to "adaptation" (Zhang et al. 2007 ). The masker PSTH of row C shows a minimal (near threshold) response, while lower masker levels (rows D-F) were sub-threshold. Probe responses A through D clearly show rate suppression. For probe PSTHs for the two lowest masker levels (cases E and F), Bonferroni-corrected t tests (accounting for the inclusion of PSTH combinations at six masker levels) indicated that the sub-threshold maskers reduced responses to the probe (worst case: t=4.32, p error,corrected =0.0004, df=25). In rows A-C, the forwardmasked response to the first probe pulse is elevated relative to that of the second pulse (asterisks), consistent with integration of masker and probe energy. Thus, preceding maskers can either increase or decrease responsiveness to pulses within a probe stimulus.
Model-generated PSTHs are shown in the third and fourth columns of Figure 1 for comparable effective levels of maskers and a fixed-level probe. Compared with the ANF data, the model PSTHs to supra-threshold maskers show similar onset responses followed by rate decays that are produced by the model's adaptation component. After presentation of supra-threshold maskers (rows G-I), probe responses are reduced and undergo recovery. While the three lowest maskers (J-L) evoked no spikes, the probe PSTHs in two of three cases (J and K) suggest subthreshold effects. Bonferroni-corrected paired t tests run on those three cases (i.e., data of panels J-L) showed significant sub-threshold masking in two of the cases (J and K; worst case T=2.76, p error,corrected = 0.033, df=24). As in the case of the real cat data, the model PSTH could exhibit alternations in response probability to the high-rate masker (row G and inset PSTH). The alternation rate for the case shown is faster than what is observed from the cat fiber (row A). Finally, the model typically did not demonstrate increased responses to the first probe pulses that we attribute to integration of sub-threshold masker energy.
Group trends
Group analyses of cat data (Fig. 2 A, B) show robust sub-threshold masking that is dependent on masker   FIG. 1 . Both the PSTHs from a cat ANF (left 2 columns) and the two K channel biophysical model (right 2 columns) exhibit sub-threshold masking of probe responses. In all cases, the masker was a 200-ms, 5,000-pulse/s train, and the probe was a 250-ms, 100-pulse/s train. Probe level is fixed, while masker level varies along each column. Masker levels are stated in milliamperes and decibels relative to the lowest masker level that evoked spikes. Shown near each masker PSTH is the mean overall spike rate. Masked probe responses are plotted in black; unmasked probe responses (the control condition) are in gray. Cat PSTHs for the probe stimuli show response reductions for both supra-threshold and sub-threshold maskers. At higher masker levels (A-C), probe response recovery was nonmonotonic, with larger first-pulse responses (asterisks). Sub-threshold masking is also seen in J and K of the computer model PSTHs. All ordinate axes have ranges from 0 to 1. The inset graphs in A and G show the details of the first 40 ms of each PSTH to better illustrate response probability alternations.
level and pulse rate. The abscissa ("Masker level") is defined relative to the lowest masker level that evoked spikes for each ANF. The ordinate is the ratio of the number of spikes evoked by masked and unmasked probe trains. Individual ANF data are plotted with circles, while diamonds indicate medians of subsets chosen along the abscissa dimension to have comparable numbers of observations. Probe recovery ratios are shown for high-and low-rate masking in Figure 2 A, B, respectively. In all cases, 300-ms maskers and probes were used. For 5,000 pulse/s masking, 48 ANFs contributed 417 points, while 22 of those ANFs contributed 108 data for 250 pulse/s masking. ANF data are combined in order to assess dominant trends; Effects of changing the response rate to the masker and to the probe are explored below.
For both masker rates, the recovery of the probe responses depended on masker level. For 5,000 pulse/s masking, all but two of 125 sub-threshold data have recovery ratios less than 1, while at threshold (0 dB) masker level, 48 of 49 data have ratios less than 1. This contrasts with recovery from 250 pulse/s masking: For sub-threshold maskers, the median ratio is close to 1 (0.95) as is the median ratio at threshold (0.94). Although sub-threshold effects for 250 pulse/s maskers are small, a paired t test across the sub-threshold data (i.e., masked vs. unmasked probe spike rates) indicates significance (t=−3.66, p error =0.0020, df=17). Finally, for both masker rates, median trends indicate greater probe response decrements for supra-threshold masker increments. Thus, the slopes of the functions of Figure 2 C are greater for supra-threshold masker levels than for subthreshold masker levels. The greater slopes may be due to the combined effects of the sub-threshold mechanism and a second contribution to membrane changes caused by action potentials.
The median cat data are replicated in Figure 2 C, D, to provide comparisons with the computer model results, which includes data from the full model (circles) and the model without Klt channels (square symbols). With 5,000 pulse/s masking, the full model produced sub-threshold masking, but the effect was somewhat smaller than the cat median trend. However, the full model has two trends in common with the cat data. First, the decrements in the probe recovery ratio increase as masker-level increments progress through the supra-threshold range. Second, the sub-threshold effect is larger for the higher-rate masker; only a small effect was observed with lowerrate masking. Importantly, the model variant without Klt channels did not produce sub-threshold masking for either masker pulse rate, which leads us to propose the need for both the adaptation element and Klt channels in a biophysical model. The generally smaller masking effects produced by the models are likely due, in part, to the smaller duration of the model masker (200 vs. 300 ms) as well as its use of higher overall probe-response FEs. The influence of the effective level of the probe (i.e., spike rate to the probe) is addressed below.
Masker-driven activity influenced probe responses differently for the two masker rates. Figure 3 plots recovery ratios for both 5,000 and 250 pulse/s masker trains across cat data as functions of the mean response rate to the masker. Plotting the ratios versus   FIG. 2 . The degree of forward masking of cat ANF responses to probe trains depends on masker level and masker pulse rate. Individual cat ANF recovery ratios are plotted in the graphs of the left column using small circles. Median values based on equal sample sizes are plotted using gray diamond symbols. The ratios are plotted versus effective masker level, with levels referenced to the lowest level that evoked spikes on a per-fiber basis. Probe responses are shown for 5,000 pulse/s maskers (upper graphs) and for 250 pulse/s maskers (lower graphs). Median values indicate that probe suppression is proportional to masker effective level and is greater for 5,000 pulse/s maskers. Feline medians are replotted in C and D, along with results from computer model variants: the "full model" that uses both Klt and Kht channels (circles) and the model lacking Klt channels (squares).
masker spike rates provides a measure of the influence of prior spiking; sub-threshold effects are collapsed at the point where the rate to the masker equals zero. For the 5,000-pulse/s masker, median values (diamonds in Fig. 3 A) were computed over contiguous sets of 50 observations (circles), while each median for the 250 pulse/s masker data (diamonds within Fig. 3 B) was based upon 24 observations. Different trends are seen for the two masker rates. For high-rate masking, a wide range of ratios is observed across sub-threshold levels, where median values cluster around ratios near 0.65, reflecting a robust sub-threshold effect. Adding maskerevoked activity (i.e., supra-threshold masking) resulted in only small additional decrements, as the median supra-threshold ratios are near 0.5. This small systematic effect of masker-evoked activity is also reflected in the nearly flat linear regression. In contrast to the high-rate trends, low-rate maskers resulted in relatively little sub-threshold masking (median ratio=0.92), while masker-evoked spiking resulted in monotonically increasing degrees of masking with increases in masker activity. The histograms (Fig. 3 C, D) summarize the sub-threshold ratios for each masker rate.
The influence of the response rates to the masker and the probe are summarized in Figure 4 , where recovery ratios are plotted versus the mean response to the unmasked probe for both masker pulse rates. There is considerable scatter in recovery ratios; as could be expected, the scatter is the greatest for low response rates to the probe. The ratios tend toward higher values as the probe response rate increases. In both graphs, individual data are divided into groups (indicated by different symbols) according to the mean response rate to the masker. Line segments connect symbols that indicate median values based FIG. 3 . The relationship between masker-evoked activity and probe-response masking differs across the two masking pulse rates used in this study. In A and B, individual ANF recovery ratios are plotted using open circles; gray diamonds indicate medians based on groups of 50 and 24 data subsets for 5,000 and 250 pulse/s masking, respectively. Linear regressions are shown using dashed lines. The histograms of C and D are based upon the sub-threshold data (i.e., 0 spike/s to the masker), with mean values indicated by the black diamonds.
FIG. 4.
Plots of recovery ratios as functions of the response rate to the probe (abscissa) and the response rate to the masker (parameter). Data from individual ANFs are plotted along with median values (symbols connected by line segments). For low probe response rates, there are relatively high degrees of scatter and indications of error (i.e., ratios 91); this is likely due to error inherent to the use of ratios of small numbers and limited sample sizes. Note that only for limited masker and probe conditions can increases in probe level overcome forward-masking rate decrements.
(on average) on 24 observations; in one case (for the lowest masker and probe response rates with 250 pulse/s masking), the median was computed over the smallest number (14) of observations. Generally, the median data indicate that changes in the response rate to the masker were larger than the changes that occurred by varying the probe response rate. In comparing the median recovery ratios across the two masker rates (Fig. 4 A, B) , one sees similar rates of change (slopes) in the ratios across the ranges of spike rates to the unmasked probe. However, there is a masker-rate interaction. Relative to the low-rate functions (Fig. 4 B) , the slopes of the high-rate functions (Fig. 4 A) are typically shifted to lower ratios. In the case of low-rate masking, probe increases could essentially overcome masking effects for high probe response rates and low masker response rates. However, for other combinations of masker and probe response rates, it is not evident that probe increases can fully overcome forward-masking effects, even for low response rates to the masker.
Across the different combinations of effective masker and probe levels and for both masker pulse rates, a general trend is that a probe preceded by a masker evokes fewer spikes and that larger proberesponse decrements occur for lower unmasked probe responses. Assuming that unmasked probe responses are proportional to probe level, these trends suggest that the forward-masked rate-level functions for the masked probe would be shifted to the right (i.e., have higher thresholds) and have steeper slopes when compared to the unmasked probe rate-level functions.
Effect of model variations on membrane integration
The model comparisons of Figure 2 suggest that Klt channel activation is largely, if not solely, responsible for sub-threshold effects. Figure 5 explores To further examine the hypothesis that Klt channels are required for sub-threshold masking, the model without Klt channels was run for several values of Kht channel density (ρ Kht ). Optimization of that model, to achieve acceptable approximations of physiological properties of refractoriness and rate adaptation, led to setting ρ Kht to 40 channels/μm 2 . With this model, simulations were run for ρ Kht values of 5, 10, 40, and 80 channels/μm 2 using sub-threshold 5,000 pulse/s train stimuli within 0.28 dB below levels needed to evoke any action potentials. Each simulation was run for a train duration of 60 ms. Within this time period, the full model produced a 40% increase in [K ext ], as seen in Figure 5 . Across all tested ρ Kht channel densities for the simpler model, none produced a change in [K ext ] greater than our 0.01% limit of measurement precision.
Effect of model channel densities
We sought to understand how the relative nodal densities of Klt and Kht channels influence key temporal response properties of the model. Figure 6 summarizes the results of variations on the full model in which the relative ratio of Klt and Kht channel densities was manipulated from 0:1 (i.e., the Kht-only model) to a ratio as high as 4:1. Figure 6A shows four PSTHs, one obtained from a typical cat ANF and three obtained using models with different ratios of K cation channel densities (i.e., ρ Klt /ρ Kht set to 1:1, 2:1, and 4:1, as indicated in the plots). In all cases, a 100-ms-long 5,000-pulse/s train of biphasic pulses was used. Relative to the chosen exemplar cat ANF PSTHs, the PSTHs of the models indicate that rate adaptation increases as the ρ Klt /ρ Kht ratio is increased.
A quantitative comparison of cat and model spikerate adaptation is provided by Figure 6B . PSTHs to 5,000 pulse/s trains were fit by a single negativeexponent decaying function to provide the adaptation time constant, τ. The cat ANF rate-adaptation time constants were taken from Zhang et al. (2007, Fig. 7) and replotted over the range of onset firing rates (i.e., rates over the first 12 ms) corresponding to the present model simulations. The stimulus levels used for the modeling were chosen so that the onset rates were within the range of the cat data. The resulting τ's for the model simulations using a range of ρ Klt /ρ Kht ratios are also plotted in Figure 6B , where it is apparent that smaller ratios result in closer approximations to the cat data.
Another key temporal measure is the probe response recovery ratio, as it assesses the restoration of the neuron from prior adaptation and may involve different membrane mechanisms than those active during rate adaptation. Figure 6C shows recovery ratios for the four ρ Klt /ρ Kht ratios, along with a statistical summary of feline data obtained in this study. For both the feline and model data, the masker level was chosen to be at or near threshold and the probe level was adjusted to obtain firing probabilities between 0.8 and 0.9. In this case, the model provided better approximations of cat-like recovery ratios when the two highest (2:1 and 4:1) K channel densities were used. The recovery ratio for the 1:1 density ratio was within 1 standard deviation of the mean feline data. Finally, a two-pulse (masker-probe) paradigm was used to determine the absolute refractory period (ARP) for the model variations, comparing those data against the cat ARPs reported in Miller et al. (2001b) . This comparison is shown in Figure 6D . In this case, of the three density ratios with nonzero ρ Klt , the 1:1 ratio was slightly better than the higher ratios, although all simulations show a bias toward higher ARPs in comparison to the cat data. Taken together, these analyses of the effect of the ρ Klt /ρ Kht ratio not only indicate why we chose the 1:1 ratio but also indicate that any specific ratio is a compromise, as no one ratio fits best to the cat ANF response properties shown in Figure 6 .
DISCUSSION
This report shows that electric stimulation of feline and modeled ANFs can result in the forward masking of subsequent stimuli, even for masker levels set below the level required to evoke any response (i.e., spikes) to the masker train. Decreased responses to the masked probe (relative to the unmasked probe response) were observed over the entire range of probe levels examined, although the decrements were generally smaller for greater effective probe levels. The two trends are observed in the summary data of Figure 4 and suggest that, relative to unmasked ratelevel data, the masked probe rate-level functions would be expected to shift to higher probe levels and have a modest increase in slope. Data from both cat and simulated ANFs indicate that the sub-threshold masking effects are much greater for the 5,000-pulse/s masker than for the slower 250-pulse/s masker (Fig. 2) . The degree of forward masking was also examined as a function of the degree of spike activity evoked by the masker train and the unmasked probe train (Fig. 4) . At least over the ranges of levels explored in this study, greater increases in masking were caused by masker-level increases than by decreases in probe level. Sub-threshold masking could be observed over a wide range of masker levels. Group trends suggest that with 5,000 pulse/s masking, subthreshold effects were evident over at least a 4-dB range of masker levels. This is significant, as ANF ratelevel functions for single-pulse stimulation typically have 1-to 2-dB dynamic ranges (Miller et al. 1999 (Miller et al. , 2001a .
Sub-threshold masking has implications for the design of cochlear prostheses, as well as clinical prostheses for functional electrical stimulation of other neural systems. It also indicates the importance for continued development of more realistic computational models of nerve fibers. A conventional view of rate adaptation is that masker-evoked spike activity reduces the response of membrane elements or ionic stores. The comparisons of computer model simulations show that the addition of Klt channels to a model that provides K ext accumulation (Woo et al. 2009a, b) results in much larger sub-threshold masking that what was observed without Klt channels (Fig. 2 C) . Furthermore, the magnitude of subthreshold forward masking is strongly dependent upon masker pulse rate (Fig. 2) , with the higher masker rate producing a larger [K ext ] increment (Fig. 5) . The ANF simulations suggest that the model element responsible for sub-threshold masking is the Klt channel. Certainly its addition greatly increased sub-threshold changes in [K ext ] in a manner consistent with masking (Fig. 5) . However, while the relatively simple combination of the integration of K ext current and Klt channels has a degree of face validity, our results are incapable of proving the assertion that Klt channels are essential to the observed sub-threshold effects.
An important distinction related to electric excitation of ANFs is that direct, sub-threshold, electrical stimulation of membranes (such as that which occurs with prosthetic stimulation) may be predicted to alter ion channel responses and result in cumulative changes to the membrane, whereas such effects may not be expected with sub-threshold acoustic stimulation of the normal auditory periphery. It is well established that supra-threshold excitation of ANFs results in responses that differ significantly in several ways from those obtained with acoustic stimulation of the cochlea. As suggested from the trends of Figure 3 , the rate-level functions for forward-masked electric probe trains would be expected to be shifted to higher levels, i.e., have relatively higher thresholds.
We note that no experimental procedure used to deafen all ANFs is likely to be completely successful; it is possible that we recorded from some fibers associated with a surviving and viable inner hair cell. Yet, our Neomycin protocol required a minimum 80-dB loss of sensitivity as assessed by the ABR. Furthermore, no fibers used in this study demonstrated electrophonic effects. In contrast, the sub-threshold effect was broadly observed, as indicated by the groupdata plots (Figs. 2, 3, and 4) . We conclude that acoustic sensitivity was not required for the subthreshold effect.
A possible concern is the use of high-rate, longduration pulse trains to excite ANFs. While we kept all stimuli well below levels that can cause irreversible hydrolysis to occur over one phase of a biphasic pulse (Brummer and Turner 1977) , the question of possible FIG. 6 . Variations in the ratio of Klt and Kht channels influence the model's predictions for rate adaptation (A, B), the recovery of ANFs to prior masking (C), and the ARP (D). A PSTH histograms from a selected cat ANF (upper left) and variations in the full model where different ρ Klt /ρ Kht ratios were explored. The cat PSTH was chosen as it was representative of ANF responses to 5,000 pulse/s trains that elicited a strong onset spike rate. The three model results in A all exhibit strong degrees of rate adaptation. Rate adaptation to 5,000 pulse/s trains for cat ANFs and model simulations are compared in B by plotting adaptation time constants for cat ANFs (small circles) and for four model variations that explored different ρ Klt /ρ Kht ratios. The mean and 1 standard deviation from the mean are plotted as horizontal lines (solid line: mean; dashed lines: ±1 standard deviation from the mean). In B, the cat ANF data were derived from Zhang et al. (2007) . In C, the probe response recovery ratio (see text) for different model ρ Klt /ρ Kht ratios are compared with the mean value ±1 standard deviation of cat data obtained in the present study. Similar cat vs. model comparisons are provided for the ARP in D. In B-D, the same filled symbol types refer to the ρ Klt /ρ Kht ratios shown in B.
damage induced by high-rate pulse trains may warrant additional research. Such stimuli may, through nonlinear reactions other than that described by Brummer and Turner (either by ANFs themselves or through some failure of prosthetic hardware to block all d.c. components of a stimulus), result in functional alteration of ANFs. Xu et al. (1997) examined changes in the electrically evoked auditory brainstem response (EABR) and cochlear histology in cats chronically implanted and stimulated with trains of pulse rates as high as 2,000 pulse/s. Levels were kept lower than the relatively conservative (~30 μC/cm 2 ) current densities suggested as safe for chronic stimulation (Walsh and LeakeJones 1982; Leake et al. 1990 ). While histological analyses suggested that 2,000-pulse/s chronic stimulation was safe, some elevation of EABR thresholds was reported by Xu et al. (1997) . A systematic analysis of short-term and chronic effects of high-rate pulse-train stimulation may be warranted, particularly given the possible use of pulse rates of 5,000 pulse/s or higher.
The computational simulations reinforce the cat ANF findings and suggest that sub-threshold phenomena are due to membrane effects that contribute to altered Nernst potentials and activation thresholds. The model with low-and high-threshold K channels exhibited the sub-threshold effect, while model variants without Klt channels (i.e., models with only Kht channels) did not. There are several classes of ANF K channels with different sensitivities and kinetics (Davis 1996; Adamson et al. 2002; Mo and Davis 1997) . Traditionally, ANF models have only included Kht channels and only recently have computational models of ANFs included Klt channels, as they improve predictions of spike-rate adaptation (Negm and Bruce 2008; Imennov and Rubinstein 2009 ). In a model of mammalian motoneurons (McIntyre et al. 2002) , Klt channels were found to be the primary determinant of the afterhyperpolarization phase, in contrast to the relatively small influence of Kht channels. Interpretation of our model results requires some caution, as our parametric analysis of the ρ Klt /ρ Kht ratio changes suggests that the model is not capable of providing optimal solutions for rate adaptation, adaptation recovery, and ARP (Fig. 6) . Also, across our model simulations, we did not observe the short-term enhancement of probe responses attributed to the integration of masker energy (Fig. 1) . Thus, while the model successfully demonstrated sub-threshold masking, it is likely a simplification of membrane gate electrophysiology of cat ANFs. One difficulty with modeling is the desire for a parsimonious solution and also accurate results across several response domains. We urge caution at this point because other work, for example, indicates that the curvature of the fiber-hence the distribution of the excitation fieldinfluences modeled ANF responses (Woo et al. 2010 ).
We suggest that the inclusion of additional channels in new models not be done at the expense of overlooking (1) fiber diameter variations, (2) the complex paths of ANFs through space, and (3) the use of finite-element approaches to better predict the spatial spread of electric currents.
Other mechanisms, not explored here, may contribute to adaptation or sub-threshold responses. Voltage-dependent Ca ++ -gated channels can affect rate adaptation by gating Ca-dependent Na or K channels (Schwindt et al. 1989; Sah 1996) , and other iondependent gates affecting firing rate have been identified (Bhattacharjee and Kaczmarek 2005) . There is also evidence that ANFs contain multiple classes of K channels that can be differentially distributed along the apical-to-base cochlear dimension (Mo and Davis 1997; Adamson et al. 2002; Liu and Davis 2007) . It has been suggested that unique cochleotopic distributions of K channel sub-types may be consistent with other cochleotopic properties that influence stimulus coding by the population of ANFs (Adamson et al. 2002) . While our relatively simple model with two K channel types provides a parsimonious mechanism to our cat data, it is clear that there is much room for improvement in the computer modeling of ANF populations excited by intracochlear stimulation.
While some mechanisms of forward masking may be presumed to arise from central processing, this paper describes a novel effect at the peripheral, ANF level of the auditory system. This may have implications for future studies of masking and attempts to attribute masking at a particular afferent nucleus. Possible future work could include attempts to assess sub-threshold masking using ECAP or EABR measures accessible to clinical research of human populations, although it may be relatively difficult to observe the effect from the gross, or fiber-population, measures. Psychophysical measures of sub-threshold masking could also be proposed. It would be interesting to determine whether or not this ANF phenomenon is reflected or lost in centrally mediated responses.
Sub-threshold masking may necessitate re-evaluation of clinical practices and prosthesis designs to optimize their effectiveness for clinical populations. For ANFs, electric current from an intracochlear electrode is assumed to excite a population of fibers that respond with action potentials. Our data suggest that an electrode also exerts a sub-threshold influence on a second fiber population that presumably extends further across space. A simple conceptualization of this second ANF population is that it flanks, or surrounds, the excited population. This assumption may be reasonable for a linear array of fibers but may be too simplistic given the spiraling configuration of cochlear fibers, which has been modeled and shown to produce somewhat more complicated spatial patterns of activation (Frijns et al. 2001) .
This report improves our understanding of how prostheses with multiple, spatially segregated, channels of electric stimulation may alter neural states. It could be conjectured that monopolar stimulus fields (i.e., fields with relatively small changes across space) may result in more widespread sub-threshold effects than would more spatially restricted fields. We can no longer assume that stimulus-channel interactions are limited to the refractory effects caused by one channel on the excitation region of a second channel or that sub-threshold channel interactions only involve temporal integration or simultaneous effects. Our data indicate that sub-threshold effects can persist over a range of sub-threshold stimuli as great as 8 dB, suggesting that a potentially broad spatial region of sub-threshold effects has not been examined or accounted for in the design of prosthetic stimulation devices. Thus, measures of sub-threshold masking could be proposed as another aspect of peripherally based (i.e., ECAP-based) or centrally based (i.e., psychophysical) channel interaction measures.
It is not possible to assert, from the data collected in this study, whether or not sub-threshold effects present another constraint on prosthetic excitation or could be used in some manner to enhance spatial selectivity. This limitation is due in part to our simple modeling of extra-neural tissue and the possibility that additional nodal channels require inclusion. Thus, follow-up studies done in animal models and clinical settings should approach this phenomenon in ways not strictly limited to our stimulus conditions.
